ABSTRACT: Silicon photomultipliers (SiPMs) are photosensors widely used for imaging in a variety of high energy and nuclear physics experiments. In noble-gas detectors for double-beta decay and dark matter experiments, SiPMs are attractive photosensors for imaging. However they are insensitive to the VUV scintillation emitted by the noble gases (xenon and argon). This difficulty is overcome in the NEXT experiment by coating the SiPMs with tetraphenyl butadiene (TPB) to convert the VUV light into visible light. TPB requires stringent storage and operational conditions to prevent its degradation by environmental agents. The development of UV sensitive SiPMs is thus of utmost interest for experiments using electroluminescence of noble-gas detectors. It is in particular an important issue for a robust and background free β β 0ν experiment with xenon gas aimed by NEXT. The photon detection efficiency (PDE) of UV-enhanced SiPMs provided by Hamamatsu was determined for light in the range 250-500 nm. The PDE of standard SiPMs of the same model (S10362-33-50C), coated and non-coated with TPB, was also determined for comparison. In the UV range 250-350 nm, the PDE of the standard SiPM is shown to decrease strongly, down to about 3%. The UV-enhanced SiPM without window is shown to have the maximum PDE of 44% at 325 nm and 30% at 250 nm. The PDE of the UV-enhanced SiPM with silicon resin window has a similar trend in the UV range, although it is about 30% lower. The TPB-coated SiPM has shown to have about 6 times higher PDE than the non-coated SiPM in the range 250-315 nm. This is however below the performance of the UV-enhanced prototypes in the same wavelength range. Imaging in noble-gas detectors using UV-enhanced SiPMs is discussed.
Introduction
Silicon Photomultipliers (SiPMs) coupled to scintillators are nowadays widely used for imaging in a variety of high energy and nuclear physics experiments [1, 2] . These devices offer very attractive features for optical imaging in large-scale electroluminescent noble-gas time projection chambers (TPCs) used in double-beta decay or dark matter searches [3, 4] , mainly cost-effectiveness, a response level comparable to that of photomultiplier tubes (PMTs) and radiopurity. SiPMs are however insensitive to the VUV scintillation of noble gases (peak at 175 nm in xenon and at 129 nm in argon), which requires the use of a wavelength shifter (WLS) to convert the VUV light into visible light to which these devices are most sensitive (peak at 430 nm). Tetraphenyl butadiene (TPB) is used as a WLS, deposited on the SiPMs by vacuum evaporation [5] , or dissolved in a plastic binder and painted on the active surface of the photosensors [6] . This solution is proved to ensure an adequate response of the SiPMs to the electroluminescence light of xenon and argon gases [4] - [6] . The TPB requires on the other hand, stringent storage and operational conditions to avoid ageing due to hydration and oxidation and to ensure the long-term stability of the coatings. Hence, UV sensitive SiPMs would be extremely attractive.
The spectral dependence of the photon detection efficiency (PDE) of SiPMs is mainly driven by the photon absorption length in silicon which varies from 10 nm to a few microns for wavelengths between 300 nm and 700 nm and is less than 10 nm for shorter wavelengths [7, 8] . When the photon attenuation length is below the micron, a high sensitivity of a silicon-based photodetector can only be achieved if the photo-detection region is close to the surface. The research efforts for the development of UV-sensitive silicon-based photodetectors are directed towards increasing the sensitivity near the silicon surface by creating damage-free ultra-shallow junctions (< 200 nm). The possibility of an additional electric field close to the detector surface, which transports the photo-generated charges to the depletion region allowing their collection, is also considered [8, 9] .
We present a study of the PDE of UV-enhanced SiPM prototypes provided by Hamamatsu, also known as multi-pixel photon counters (MPPCs). The SiPMs considered are different versions of the commercial MPPC S10362-33-050C from Hamamatsu, whose main characteristics are an active area of 3 mm×3 mm, with 3600 pixels of 50 µm×50 µm each. The fill factor is 61.5% and the typical voltage range for operating the MPPC is 70±2 V. The standard MPPC, so-called STD in the present work, has a window made of an organic polymer which protects the silicon layer from possible damages derived from environmental agents as dust and moisture. It has however the disadvantage of absorbing UV photons. The so-called STD-TPB sample is a standard MPPC coated with 0.1 mg/cm 2 (130 ± 10 nm) of TPB, deposited by vacuum-evaporation following the protocol described in [5] . The so-called UVE-SPL sample is a version of the standard MPPC with a UV-enhanced silicon layer and without a protective window. The fourth sample tested, socalled UVE-SIRESIN, is provided with a UV-enhanced silicon layer and a silicon resin window. Silicon resin consists of highly branched silicon structures combined with organic polymers [10] , which have numerous outstanding properties, e.g. hydrophobic properties, high thermo-mechanical stability and high UV transparency compared to organic polymers [11] .
In the following sections the PDE measurement method used is described. Then the PDE measurements in the spectral range 250-500 nm are presented. The use of the UV-enhanced SiPMs in noble-gas detectors is discussed.
PDE measurement method 2.1 Principle
The photon detection efficiency is the percentage of incident photons that are recorded by the SiPM, i.e. that are converted into a measurable electrical charge. SiPMs like other silicon-based photodetectors, have quantum efficiency (QE) close to 100% for visible light. This is the probability that an electron-hole pair is generated by a photon incident on the silicon lattice. The overall PDE is however smaller due to different factors like the micro-cells structure, leading to a reduced coverage of the active area (fill factor of 30-60%), and the probability that electrons and holes initiate an avalanche or electrical breakdown in the depleted region (P av ). The dead time or recovery time of the micro-cells is also a factor that limits the PDE at high illumination levels. The PDE is defined by
The experimental determination of the PDE is provided by comparing the number of photons simultaneously incident on the SiPM (N inc ) with the number of photons recorded (N rec ) or the number of the SiPM cells excited. The relation between the number of recorded photons and the number of incident photons on the SiPM is expressed by [12, 13] 
where N pixels is the total number of pixels in the SiPM. In the case of very low illumination levels with N inc N pixels , the response of the SiPM is linear as Eq. (2.2) can be approximated to
The number of recorded photons in the SiPM is determined from its output current (I SiPM ) and gain, which is provided by the manufacturer for a specific voltage at room temperature:
q e being the elementary charge. The number of incident photons is determined using a calibrated photosensor. In our case a photomultiplier tube (PMT), model R8520-0SEL from Hamamatsu, was used and operated without gain. N inc is obtained from the photocurrent of the PMT collected at its first dynode (I PMT ), according to
where QE PMT is the PMT quantum efficiency and CE its collection efficiency. This latter is optimal (100%) when the voltage between the photocathode and the first dynode (V Dy1 ) is greater than 100 V [14] . For our measurements of the incident number of photons V Dy1 was set to 240 V. The difference between the number of photons incident on the SiPMs and on the reference PMT due to their different active areas (3 mm×3 mm versus 20.5 mm×20.5 mm) is taken into account in Eq. (2.5).
In the method used here for the PDE measurement, known as photocurrent method [15] , the total number of recorded photons is not corrected for cross talk and after-pulses. In the measurement of the PDE for applications requiring the precise determination of the absolute number of photoelectrons induced by incident photons on the SiPMs, the contribution of cross talk and afterpulses should be subtracted. In our present studies, the photocurrent method, also used by Hamamatsu, is adequate for our purpose of comparing the spectral response of different SiPM prototypes and for comparing our PDE measurements with those performed by Hamamatsu.
Experimental setup
A scheme of the experimental setup used is shown in figure 1 . It consists of a dark box of about 1 m length enclosing in one side the support plane of the photosensors (reference PMT and SiPM samples placed right beneath it) and in the opposite side a polished PTFE reflector illuminated by the light source placed behind the photosensors plane. The PTFE plane is a reflecting diffusor whose reflectance is in the range of 50-70% for the UV region and close to 98% for visible light [16] . This diffusor is placed at a distance long enough to ensure a uniform (within 1% in the visible region) and low level illumination of the SiPMs, typically < 1.4 × 10 8 photons/s.
The light source used is a xenon lamp (Hamamatsu Photonics E7536, 150 W) emitting in continuous mode and coupled to a monochromator for the selection of the input light wavelengths down to 250 nm, with a maximum standard deviation of 3 nm. The light is transported through a quartz optical fiber coupled to the dark box. A diffraction lens and various collimators were used to maintain the illumination level of the SiPMs below 1.4 × 10 8 photons/s for the PDE measurements. A spectrometer (Hamamatsu photonics Multichannel Analyzer C10027) was used to record the spectrogram of the input light. 
Results and discussion
The measurement of the PDE for the different SiPM prototypes was first performed using LEDs emitting at different wavelengths in the dark box setup represented in figure 1. The LED was placed near the photosensors plane and was oriented towards the PTFE plane used as a reflecting diffusor. Different light intensities were obtained by varying the LED bias voltage in a range where the response of the SiPMs is linear with the number of incident photons measured by the reference PMT, as expressed in Eq. (2.3). The dark current of the photosensors was first measured and subtracted from the photocurrent induced by the incident light. The number of incident photons was drawn from the PMT's photocurrent, normalized to the SiPMs area as expressed in Eq. (2.5). The number of recorded photons, or number of photoelectrons produced in the SiPMs, was determined from the SiPM photocurrent as expressed in Eq. (2.4).
The measurements were performed at room temperature around 25 • C. The four SiPMs were operated at the voltages recommended by Hamamatsu for a nominal gain of 7.5 × 10 5 . The variations in the gain induced by small changes of temperature were taken into account assuming a linear dependence of the gain with the temperature in the small range of (25 ± 1) • C. The SiPM nominal gain and the ratio of photocurrents at different temperatures close to 25 • C were used to perform the correction of the gain for the correct determination of the PDE.
A plot of the number of recorded photons in the UV-enhanced SiPM with silicon resin window (UVE-SIRESIN) and in the standard SiPM (STD) is shown in figure 2 as a function of the number of incident photons of 400 nm and 285 nm, respectively. For illumination levels below 1.4 × 10 8 photons/s, the response of the SiPMs is linear, which allows the determination of the PDE as the slope of the linear fit to the data points. The PDE values obtained (40.7 ± 1.0)% at 400 nm for the UVE-SIRESIN sample and (3.0 ± 0.2)% at 285 nm for the STD sample) are compatible with the typical PDE values provided by Hamamatsu (40% at 400 nm for the UVE-SIRESIN sample and 4% at 285 nm for the STD sample).
The preliminary studies with LEDs at various illumination intensities allowed us to determine the illumination level required for the PDE measurements using the xenon lamp coupled to the monochromator and the spectrometer as shown in figure 1 . The light intensity from the xenon lamp was reduced using collimators after the diffraction lens in the dark box and by increasing the distance between the photosensors plane and the PTFE reflector. for the UV-enhanced SiPM prototypes (with silicon resin window and without window) and for the standard prototype coated with TPB are also depicted in figure 3 . Hamamatsu measurements of the PDE for UV-enhanced SiPMs have not been published. These prototypes are not commercially available and were sent to us for research and development of UV-sensitive SiPMs, which Hamamatsu aims to be applied in UV applications and noble-gas detectors.
As seen in figure 3 , the standard SiPM has shown the best response in the visible region above 350 nm, compared to the other prototypes, with the maximum PDE of (52.6 ± 1.4)% at 450 nm. The prototype coated with TPB has shown lower PDE than the standard SiPM in the visible spectrum, as expected. This decrease of about 10% in the PDE is related to the fraction of visible light absorbed or reflected in the TPB layer. In the visible region, the PDE values of the UV-enhanced prototypes are about 20% lower than that of the standard SiPM. This trend is confirmed by Hamamatsu. At 350 nm, the four SiPM samples have similar PDE which varies between 33% and 38%. At lower wavelengths, the PDE of the standard SiPM decreases considerably as already known, reaching values between 3% and 5% in the range 250-315 nm. In contrast, the UV-enhanced SiPM prototypes have a considerably higher PDE than the standard SiPM in this region, with maximum values at 325 nm. At this wavelength, the PDE obtained for the windowless prototype is (43.9 ± 1.4)% and for the prototype with a silicon resin window it is (35.6 ± 1.1)%.
The conversion of the UV light by the TPB-coating on the standard SiPM increases significantly the response of the standard photosensor at wavelengths below 350 nm. The PDE of the coated sample reaches an optimal value close to 20% in the region 250-315 nm with a slight increase up to 24% at 250 nm. This trend was confirmed by repeating the measurements several times. This PDE value is half the PDE of the windowless prototype in the UV region but it is however about 6 times higher than for the non-coated SiPM.
At 250 nm, the highest PDE value measured is (28.5 ± 1.7)% for the UVE windowless SiPM. This photon detection efficiency is comparable to the quantum efficiency of standard PMTs. The excellent response in the UV range of the UVE windowless SiPM prototype indicates it is the best choice for UV applications, especially at 325 nm where its response is optimal. The UVE sample with silicon resin window has the advantage of having its silicon active area protected from possible damaging environmental agents. This prototype, although with worse response in the UV region relative to the windowless prototype, is more robust and reliable for long term operation.
In noble-gas detectors, if shifting the VUV light with an additive or dopant like trimethylamine (TMA) [17, 18] is possible, the UV-enhanced SiPM with a silicon resin window would be the best choice for optical imaging. The solution of coating the standard SiPMs with TPB, adopted in experiments like NEXT, provides the possibility to increase substantially the response of the standard SiPMs in the UV region, as shown in the present work, and in the VUV (175 nm), as shown in reference [5] . TPB is however an organic molecule requiring stringent conditions to maintain long term UV conversion properties. The development by Hamamatsu of VUV sensitive SiPMs is therefore of utmost interest for optical imaging in noble-gas detectors.
The experimental setup used in this work did not allow PDE measurements at lower wavelengths as this would require a vacuum box and a monochromator for tuning in the VUV light region. More measurements in the VUV range are necessary since it is not possible from the present measurements to infer the behavior of the PDE of the studied SiPM prototypes at lower wavelengths.
Conclusions
The photon detection efficiency (PDE) of UV-enhanced SiPMs provided by Hamamatsu was determined in the spectral region 250-500 nm and was compared to the PDE of the standard SiPMs of the same model (S10362-33-50C), coated and non-coated with TPB. The standard SiPM has shown the best response in the visible region, as expected, with a maximum PDE close to 53% at 450 nm. In the UV range 250-350 nm, the windowless UV-enhanced SiPM has shown the best response with a maximum PDE close to 44% at 325 nm. In this range, the UV-enhanced SiPM with silicon resin window has a similar although lower PDE with a maximum close to 36% at 325 nm. The PDE of the standard SiPM coated with 0.1 mg/cm 2 of TPB is typically between 20% and 24% in the UV region. This coated SiPM has worse performance than the UV-enhanced SiPMs, but its PDE is increased by about a factor 6 with respect to the PDE of the non-coated SiPM.
For applications using UV light and for imaging in noble-gas detectors where the VUV scintillation from xenon or argon is shifted to the UV by an additive like TMA, the UV-enhanced SiPMs without window and with silicon resin window could be used as efficient photosensors for optical imaging. The silicon resin window, despite of reducing the photon detection efficiency, allows the protection of the silicon layer from damaging environmental agents. It ensures therefore a more reliable and durable lifetime of the SiPMs.
More measurements in the spectral range below 250 nm are necessary to investigate the behavior of the UV-enhanced and TPB-coated SiPMs used in this work.
